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Improved Performance of Molecular Bulk-Heterojunction 
Photovoltaic Cells through Predictable Selection of Solvent 
Additives
 Solvent additives provide an effective means to alter the morphology and thereby 
improve the performance of organic bulk-heterojunction photovoltaics, although 
guidelines for selecting an appropriate solvent additive remain relatively unclear. 
Here, a family of solvent additives spanning a wide range of Hansen solubility 
parameters is applied to a molecular bulk-heterojunction system consisting 
of an isoindigo and thiophene containing oligomer as the electron donor and 
[6,6]-phenyl-C 61 -butyric acid methyl ester (PC 61 BM) as the electron acceptor. 
Hansen solubility parameters are calculated using the group contribution 
method and compared with the measured solubilities for use as a screening 
method in solvent additive selection. The additives are shown to alter the 
morphologies in a semipredictable manner, with the poorer solvents generally 
resulting in decreased domain sizes, increased hole mobilities, and improved 
photovoltaic performance. The additives with larger hydrogen bonding param-
eters, namely triethylene glycol (TEG) and  N- methyl-2-pyrrolidone (NMP), are 
demonstrated to increase the open circuit voltage by ~0.2 V. Combining a solvent 
additive observed to increase short circuit current, poly(dimethylsiloxane), with 
TEG results in an increase in power conversion effi ciency from 1.4 to 3.3%. 
  1. Introduction 

 Organic photovoltaics (OPVs) are emerging as a promising 
alternative to their more costly inorganic counterparts, with 
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rapidly increasing effi ciency values and 
a corresponding increase in research 
efforts. [  1–7  ]  Specifi cally, solution processed 
bulk-heterojunction (BHJ) OPVs have 
attained power conversion effi ciencies 
(PCEs) in excess of 7% by utilizing conju-
gated polymers as the electron donors (D) 
and fullerene derivatives as the electron 
acceptors (A). [  4–7  ]  Alternatively, the more 
recently developing solution processed 
molecular BHJ OPVs have obtained PCEs 
of 4 to 6%, [  8–11  ]  where a conjugated small 
molecule replaces the conjugated polymer 
as the electron donor. 

 In both polymer and molecular based 
BHJ OPVs, the morphology of the D/A 
blend is of critical importance to their effi -
cient operation. [  12–13  ]  The excitons gener-
ated on the D and A phases must be able 
to diffuse to a D/A interface where they 
can dissociate into free electrons and free 
holes. An interconnected network of D 
and A phases is then required for trans-
port of the electron or hole to the electrode. Additionally, the 
hole and electron mobilities must be suffi ciently high to allow 
for effi cient charge transport. Given these requirements and 
typical organic exciton diffusion lengths, a phase separated 
morphology consisting of interpenetrating and interconnected 
D and A domains that are on the order of 10–30 nm is thought 
to be ideal for effi cient device operation. [  14,15  ]  Furthermore, the 
D and A phases should consist of only D or A molecules and 
exhibit a high degree of order to reduce electron-hole recombi-
nation and provide higher mobilities. 

 The above listed requirements for effi cient BHJ OPV opera-
tion has resulted in the application of various processing tech-
niques directed at creating this optimal blend morphology. These 
techniques primarily include the use of appropriate casting 
solvents, [  16–17  ]  thermal annealing, [  3  ]  solvent annealing, [  18,19  ]  and 
the addition of relatively small amounts of high boiling point 
solvents referred to as solvent additives (SAs). [  5  ,  11  ,  20–27  ]  Recently, 
the use of SAs has become more widely adopted with signifi -
cant improvements in PCE observed. These increases in PCE 
are attributed to the more optimal blend morphology achieved 
upon addition of the additive; however, the same additive may 
have distinctly different effects on systems based on different 
materials. For example, in the cases of P3HT:PC 61 BM [  20–22  ]  
4801wileyonlinelibrary.com
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    Scheme  1 .     Molecular structure of iI(TT) 2  and SAs used in processing photovoltaic cells.  
and PCPDTBT:PC 71 BM [  24–26  ]  the addition of 
1,8-diiodooctane (DIO) or 1,8-octanedithiol 
results in increased crystallinity and increased 
D and A domain sizes, whereas in the cases 
of PDPPTPT:PC 61 BM, [  13  ]  PTB7:PC 71 BM, [  27  ]  
and PDTSTPD:PC 71 BM [  5  ]  the addition of DIO 
drastically reduces D and A domain sizes. 
These differing morphologies are attributed 
to the varying interactions of the SA with 
the different polymers, although a thorough 
study exploring the relationships has not yet 
been performed. Regardless of a complete 
mechanistic understanding, it is evident that 
SAs provide an effective means for control-
ling morphology and signifi cantly increasing 
PCEs. 
 The use of SAs has seen a more limited application to molec-
ular BHJ OPVs, with reports of their use only appearing within 
the last year and, to the best of our knowledge, there are only 
three reports appearing to date. [  11  ,  28,29  ]  In one case, the use of 
1,8-octanedithiol has been demonstrated to increase the sur-
face roughness and improve the short circuit current density 
( J  SC ) when used with a triarylamine, thiophene, and benzothia-
diazole containing small molecule blended with PC 71 BM. [  28  ]  In 
another example, DIO is used to decrease the domain sizes, 
increase the  J  SC , and increase the fi ll factor, thereby resulting 
in an increase in PCE from 4.5 to 6.7%. [  11  ]  Additionally, our 
group recently reported on the use of a macromolecular addi-
tive, poly(dimethylsiloxane) (PDMS), as a means to decrease 
surface roughness and domain size, which resulted in an 
increased PCE for a thiophene and isoindigo containing small 
molecule blended with PC 61 BM. [  29  ]  Herein, we further inves-
tigate the infl uence of PDMS on fi lm morphology and device 
performance, while also seeking to understand the mechanism 
for improvement and thereby identify guidelines for selecting 
appropriate SAs for use in molecular BHJ OPV cells. 

 To predict solubilities and thus provide a guideline for SA 
selection, this work utilizes the previously developed Hansen 
solubility parameters. [  30  ]  These solubility parameters have also 
recently been used by the Nguyen group to help in selecting 
an appropriate casting solvent for molecular BHJ OPVs. [  17  ]  
Hansen solubility parameters are known for a large number 
of solvents and can be roughly calculated for most molecules 
using a straightforward method based on group contribu-
tion theory. [  30,31  ]  These solubility parameters are calculated for 
the thiophene and isoindigo containing oligomer, iI(TT) 2  as 
shown in  Scheme    1  , and PC 61 BM as a guide for SA selection. A 
family of seven solvents with widely varying Hansen solubility 
parameters, over which iI(TT) 2  and PC 61 BM display solubilities 
spanning a range of four orders of magnitude, are compared 
as SAs for the iI(TT) 2 :PC 61 BM blend system. Small quantities 
(≤1 mg/mL) of the additives are observed to signifi cantly alter 
the OPV device performance, hole and electron mobility, and 
blend morphology. Interestingly, the poor solvents for both 
iI(TT) 2  and PC 61 BM lead to smaller D and A domains with gen-
erally increased hole mobilities, where as better solvents lead to 
increased D and A domain sizes with hole mobilities less than 
the device with no additive. Consequently, the devices processed 
with poor SAs generally show an increased or unchanged PCE, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
while those processed with the better solvents show a decreased 
PCE relative to the cells without any SAs.  

 In the course of this planned morphology study, it was 
observed that the additives with high hydrogen bonding param-
eters result in increased open circuit voltages ( V  OC ) of  ≈ 0.2 V 
over devices with no additives. This phenomenon is investi-
gated and it is shown that an optimal device can be obtained 
by employing two additives simultaneously in the active layer 
processing solution, one to increase the  V  OC  with a second 
to increase the  J  SC . The effect of additives on the  V  OC  is com-
pared to the effect of substituting PEDOT:PSS for the higher 
work function material MoO 3 . The infl uence of electrode mate-
rial and the addition of TEG on the built-in voltage is probed 
through electroabsorption measurements, with results showing 
a 0.07 and 0.22 V increase in the built-in voltage upon addi-
tion of TEG and upon substitution of PEDOT:PSS for MoO 3  
respectively.   

 2. Results and Discussion  

 2.1. Solubilities 

 The morphology of a multicomponent organic molecular or 
polymeric fi lm is known to correlate with the degree of interac-
tion between the various materials in the fi lm and the inter-
actions of the materials with the solvent(s). [  17  ,  32  ]  For example, 
if the materials have unfavorable interactions towards one 
another they tend to display much larger degrees of phase 
separation. Additionally, the relative solubility of each mate-
rial in the solvent signifi cantly infl uences the fi lm morphology, 
with phases increasing in size as the solubility difference 
increases. [  17  ,  32  ]  To aid in predicting molecular interactions and 
thereby solubilities, several different numerical methods have 
been developed. [  30,31  ,  33  ]  

 The square root of the cohesive energy density, defi ned as 
the enthalpy of vaporization divided by the molar volume, is 
commonly known as the Hildebrand solubility parameter and 
provides one of the most basic and fundamental numerical esti-
mators of molecular interactions and therefore solubilities. [  33  ]  
Although it provides a useful estimate, it is only a single term 
resulting from the total interaction forces and can be misleading 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4801–4813
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   Table  1.     Calculated Hansen solubility parameters for iI(TT) 2  and PC 61 BM 
based on the group contribution method. 

Solvent Hansen Solubility Parameters a)  

   δ   D    δ   P    δ   H  

iI(TT) 2 21.7 2.9 4.7

PC 61 BM 20.6 2.4 3.5

    a) Group contribution values taken from Barton [  31  ]  with exception of C 60  group 
which was taken from Hansen and Scott. [  35  ]  All units are MPa 1/2 .   
in predicting the behavior of systems where different intermo-
lecular interactions exist. Consequently, the Hansen solubility 
parameters were later developed which essentially break the 
Hildebrand solubility parameter into dispersion (  δ   D ), polar 
(  δ   P ), and hydrogen bonding (  δ   H ) terms. [  30  ,  34  ]  The more similar 
these terms are, the more favorable the interactions and the 
more miscible two solvents will be, the more soluble a mate-
rial will be, and the less thermodynamic driving force for phase 
separation. As shown in  Equation 1 , one term which quantifi es 
this difference is the distance between the two components in 
Hansen solubility space,  Ra , which will be used here as an indi-
cation of the predicted solubility. [  30  ]  Larger values of  Ra  indi-
cate that the molecules are further apart in solubility space and 
molecular interactions will be more unfavorable.

 
Ra =

√
4(δD2 − δD1)2 + (δP2 − δP1)2 + (δH2 − δH1)2

  (1)    

 The Hansen solubility parameters for a large number of 
solvents and polymers have already been determined and can 
be found in various reference sources. [  30,31  ]  In addition, the 
solubility parameters of most compounds can be estimated by 
group contribution theory, so long as group contributions are 
known for all groups present in the molecule. [  30,31  ]  This method 
involves the summation of the solubility parameters associ-
ated with each atom or group of atoms present in the molecule 
divided by the total molar volume of the molecule. In the work 
presented herein, group contribution theory is used to estimate 
the solubility parameters of 1,8-diiodooctane (DIO), iI(TT) 2 , 
and PC 61 BM. In the calculation for PC 61 BM, the C 60  unit is 
treated as one group with parameters previously reported by 
Hansen and Smith. [  35  ]  The calculated parameters for iI(TT) 2  
and PC 61 BM are listed in  Table    1   with the details of the cal-
culation shown in the SI. The solubility parameters of iI(TT) 2  
and PC 61 BM are fairly similar with an  Ra  of 2.6 MPa 1/2 . This 
relatively low  Ra  value indicates that the materials will not have 
a large thermodynamic driving force for phase separation. The 
family of solvents shown in Scheme  1  was selected such that 
all solvents have boiling points  > 200  ° C at 760 Torr, with solu-
bility parameters spanning a wide range as indicated in  Table    2  . 
The high boiling points are necessary to ensure that the SA 
remains in the fi lm after the parent solvent has evaporated. It 
should be noted that the group contribution method is not an 
exact method for solubility parameter determination as it does 
not account for several aspects including  π − π  interactions, com-
plementary hydrogen bonding groups, or donor and acceptor 
interactions between neighboring aromatic groups to name a 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4801–4813
few. The group contribution method is examined in this work 
for its use as a relatively rapid method to aid in SA selection.   

 The solubilities of iI(TT) 2  and PC 61 BM were measured in 
all of the solvents, including chlorobenzene (CB), by adding a 
suffi cient amount of the material to the solvent such that after 
stirring overnight with a PTFE coated stir bar at room tempera-
ture a visible amount of precipitate could be observed by the 
naked eye. The stir bars were then removed and the solutions 
centrifuged at 3400 RPM for 45 min to separate non-dissolved 
material from the solution. Following centrifugation the super-
natant was removed and known volumes of the supernatant 
were added to 3000  μ L of chlorobenzene in a quartz cuvette. 
Absorbance measurements were taken at 3 to 5 different dilu-
tion values and the absorbance was compared to a previously 
measured calibration curve to determine the quantity of mate-
rial dissolved in the original solution. The experimentally deter-
mined solubilities span over 4 orders of magnitude for both 
iI(TT) 2  and PC 61 BM in the various solvents as listed in Table  2 . 

 The  Ra  values were calculated for iI(TT) 2  and PC 61 BM with 
all of the different solvents as listed in Table  2 . The  Ra  values 
calculated for iI(TT) 2  correlate well with the measured solubili-
ties, with the solubility and  Ra  showing a similar trend with 
the exception of PDMS and NMP. The fact that iI(TT) 2  shows a 
lower solubility in PDMS than would be predicted solely based 
on the  Ra  is expected given that PDMS is a polymer, and there-
fore according to the Flory-Huggins theory dissolution is less 
entropically favored as compared to the molecular solvents. [  37,38  ]  
The higher solubility of iI(TT) 2  in NMP than the trend would 
predict is attributed to the presence of “NMP units” in the 
isoindigo core of the oligomer. The  Ra  values calculated for 
PC 61 BM with the various solvents show much more discrep-
ancy with the measured solubilities than is observed for iI(TT) 2 . 
This may partly be attributed to the unique electron accepting 
properties, the large area for  π − π  interactions, and/or the sol-
vent dependent crystal structure of PC 61 BM. [  39  ]    

 2.2. Device Performance 

 We begin by presenting the device results, as these results pro-
vide the basis for the subsequent morphology, mobility, and  V  OC  
discussions. Photovoltaic devices were fabricated through spin 
casting a 20 mg/mL solution of iI(TT) 2 :PC 61 BM in chloroben-
zene, with SA concentrations ranging from 0.1 to 1.0 mg/mL, 
onto PEDOT:PSS coated ITO followed by thermal annealing at 
100  ° C for 20 min. Device fabrication was completed by thermal 
deposition of 10 nm Ca and 100 nm Al. Devices were also made 
without thermal annealing for all SAs, and in all cases the ther-
mally annealed devices displayed higher PCEs. The perform-
ance characteristics of the devices including the PCE,  J  SC , fi ll 
factor (FF), and  V  OC  as a function of SA concentration are pre-
sented in  Figure    1   for all SAs applied. All data points represent 
an average of 6–8 cells on the same substrate, except for the no 
additive points that were determined from an average of over 
60 individual cells.  

 For additive concentrations of 0.5 and 1.0 mg/mL the PCE 
either increases or remains constant for SAs where the solu-
bility of both iI(TT) 2  and PC 61 BM are less than 0.8 mg/mL 
(poor solvents), and decreases for SAs where the solubility of 
4803wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  2.     Hansen solubility parameters for the applied SAs, calculated  Ra  values, and measured solubilities of iI(TT) 2  and PC 61 BM in the various 
solvents. 

Solvent Hansen Solubility Parameters a)   Ra  iI(TT) 2  solubility 
[mg/mL]

PC 61 BM solubility 
[mg/mL]

   δ   D    δ   P    δ   H  iI(TT) 2  PC 61 BM   

PDMS 16 0.1 4.7 11.7 9.6 0.002  ±  0.002 0.002  ±  0.002

TEG 16 12.5 18.6 20.3 20.4 0.012  ±  0.001 0.098  ±  0.004

HD 16.3 0 0 12.1 9.6 0.021  ±  0.001 0.20  ±  0.01

DEG-DBE 15.8 4.7 4.4 11.9 9.9 0.10  ±  0.01 0.75  ±  0.04

NMP 18 12.3 7.2 12.2 11.8 0.92  ±  0.07 37  ±  2

DIO 17.6 b) 4.8 b) 4.6 b) 8.4 6.6 2.3  ±  0.1 32  ± 1

CB 19 4.3 2 6.2 4.0 15  ±  1 31  ±  1

CN 19.9 c) 4.9 c) 2.5 c) 4.7 3.0 27  ±  1 31  ±  1

    a) Measured values as reported by Hansen, all units are MPa 1/2 ; [  30  ]       b) Calculated values using group contribution theory, group contribution values taken from Barton; [  31  ] 

      c) Values from 2007 edition; [  36  ]  Molecular weight (MW) of PDMS is 2 000 g/mol.   

    Figure  1 .     a) Power conversion effi ciency, b) short circuit current density, c) fi ll factor, and d) open circuit voltage vs. additive concentration for 
iI(TT) 2 :PC 61 BM cells after 100  ° C thermal annealing.  

Adv. Funct. Mater. 2012, 22, 4801–4813
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    Figure  2 .     a) Hole and b) electron mobility values measured in iI(TT) 2 :PC 61 BM blends with 1.0 mg/mL of SA after thermal annealing.  
iI(TT) 2  and PC 61 BM are greater than 0.9 and 30 mg/mL (good 
solvents), respectively. The  J  SC  values show the same trend as 
observed for the PCE, again with PDMS showing the greatest 
 J  SC  improvement (PDMS MW is 14 000 g/mol unless other-
wise noted). The fi ll factor shows an improvement from 0.39 
to 0.49 with the use of HD as an additive, relatively minor 
improvements with the other three poor solvents (PDMS, TEG, 
and DEG-DBE), and decreased values with the three good sol-
vents (DIO, NMP, and CN). An unexpectedly large increase 
in the  V  OC  from 0.72 V to 0.90 V is observed upon addition of 
0.1 mg/mL NMP and an even greater enhancement to 0.95 V 
is observed upon addition of 0.5 or 1.0 mg/mL TEG. All other 
solvents show slightly enhanced  V  OC  values at lower concentra-
tions, but are all within 0.1 V of the device with no additive. It 
should also be noted that signifi cantly lower SA concentrations 
are used in these devices than is typically reported for polymer-
based devices. These low concentrations were selected because 
they signifi cantly affect device performance and morphology 
while also avoiding the wetting issues and poor PCEs that were 
realized with higher SA concentrations. 

 Without any thermal annealing, devices containing only 
0.3 mg/mL of the various SAs show PCEs of  ≈ 1.3% with the 
poor solvents PDMS, HD, or DEG-DBE as additives and PCEs 
 < 0.6% with no additive, TEG, NMP, DIO, or CN as shown in 
Supporting Information Figure 1. These results show a more 
signifi cant infl uence of the SA prior to thermal annealing, 
indicating that they have a major infl uence on the morphology 
during fi lm drying and may be incorporated to reduce the need 
for thermal annealing. [  29  ]  

 Absorbance spectra of iI(TT) 2 :PC 61 BM blend fi lms containing 
1.0 mg/mL of each SA, as shown in Supporting Information 
Figure 2, display maxima between 596–601 nm due to the 
absorbance of the iI(TT) 2  oligomer. [  40  ]  Also apparent are peaks 
before and after the main peak at ca. 550 and 655 nm respec-
tively. These peaks are attributed to either vibronic transitions 
or intermolecular transitions, both of which are correlated with 
the degree of intermolecular order. [  41,42  ]  A pure fi lm of iI(TT) 2 , 
which would be expected to display the highest degree of inter-
molecular ordering due to the absence of PC 61 BM, displays a 
higher intensity peak at ca. 655 nm than any of the blend fi lms 
with SAs both before and after thermal annealing. Assuming 
that the intensity and defi nition of the peak at ca. 655 nm is 
indicative of increased iI(TT) 2  ordering, than the absorbance 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4801–4813
data indicate that both before and after thermal annealing the 
fi lms processed with the poor solvents show a lower degree 
of iI(TT) 2  ordering than those processed with the good sol-
vents. This absorbance data suggests that the improved PCEs 
observed upon addition of the poor solvents both before and 
after thermal annealing are not attributed to increased intermo-
lecular ordering.  

 The  J  SC  is primarily determined by the charge carrier mobili-
ties and blend morphology when the absorbing materials and 
fi lm thicknesses are kept constant. Therefore, the mobili-
ties and morphology of the BHJ blends were investigated to 
probe the effects of the additive on the  J  SC . Hole and electron 
mobilities were determined through space-charge limited cur-
rent (SCLC) devices as detailed in the experimental section, 
with representative plots displayed in Supporting Information 
Figure 3 and 4. As shown in  Figure    2  , the hole mobilities (  μ   h ) 
are generally an order of magnitude lower than the electron 
mobilities (  μ   e ). The hole mobilities are shown to be between 
5 and 9  ×  10  − 5  cm 2  V  − 1  s  − 1  with the poor solvents PDMS, HD, 
and DEG-DBE as SAs. Interestingly,   μ   h  for fi lms containing the 
good solvents DIO, NMP, and CN are over an order of magni-
tude lower at approximately 3  ×  10  − 6  cm 2  V  − 1  s  − 1 . The fi lm with 
no additive shows an intermediate hole mobility of 1.1  ×  10  − 5  
cm 2  V  − 1  s  − 1 ; however, it should be noted that this fi lm shows 
a signifi cantly larger standard deviation than the other fi lms. 
These   μ   h  values demonstrate that, with the exception of TEG, 
the poor solvents (i.e., iI(TT) 2  and PC 61 BM solubility  < 0.8 mg/
mL) improve hole mobility whereas the good solvents decrease 
the hole mobility. The electron mobilities are in the range of 5  ×  
10  − 5  to 8  ×  10  − 4  cm 2  V  − 1  s  − 1 , which is comparable to other BHJ 
OPVs with PCBM as the electron acceptor. [  8  ,  20  ]  Similar to the 
trend in   μ   h ,   μ   e  is lower for the good solvents and higher for the 
poor solvents. With the electron mobilities exceeding the hole 
mobilities for all SAs, it is expected that the infl uence of the 
SA on   μ   h  will be a more dominant factor in determining device 
performance relative to   μ   e .     

 2.3 Film Morphologies 

 To gain a relatively complete picture of fi lm morphologies in the 
iI(TT) 2 :PC 61 BM blends with various SAs, complementary tech-
niques consisting of atomic force microscopy (AFM), top-down 
4805wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  3 .     AFM height images of iI(TT) 2 :PC 61 BM cells with additives after 100  ° C thermal annealing.  
transmission electron microscopy (TEM), cross-sectional TEM, 
and X-ray photoelectron spectroscopy (XPS) were utilized. AFM 
height imaging provides an effective means of imaging the mor-
phology at the top surface of the fi lm; however, it provides little 
to no information about the bulk morphology or the surface 
composition. Therefore, top-down and cross-sectional TEM are 
utilized to help generate a more complete picture by probing the 
morphology in the bulk. Additionally, XPS is used to gain infor-
mation about the elemental composition at the fi lm surface. 

 The AFM height images presented in  Figure    3   show large 
features when no additive is applied and a signifi cantly reduced 
feature sizes upon the addition of 0.3 mg/mL PDMS. Note that 
only 0.3 mg/mL PDMS was used as compared to 1.0 mg/mL of 
the other SAs due to the accumulation of PDMS at the top sur-
face which made AFM imaging diffi cult at high concentrations. 
The feature sizes for the fi lms containing 1.0 mg/mL of the 
poor solvents HD and DEG-DBE are larger than the device with 
0.3 mg/mL PDMS, but still smaller than the fi lm with no addi-
tive. The trend among these three SAs is that the feature size 
increases as the solubilities of iI(TT) 2  and PC 61 BM in the SA 
increase. The good solvents NMP, DIO and CN all show sim-
ilar or increased feature sizes as compared to the fi lm with no 
additive, with the 1.0 mg/mL NMP fi lm displaying the largest 
features. An exception to the solubility trend of increasing fea-
ture sizes with increased solubility is that of TEG, which shows 
a surface morphology nearly identical to that of the fi lm with 
no additive. This is attributed to the fact that TEG has a high 
tendency for H-bonding, which likely results in TEG accumu-
lation at the PEDOT:PSS interface and, thereby, little effect is 
observed on the top surface morphology. 

 Top-down bright fi eld TEM images of the fi lms with 1.0 mg/
mL of each additive show generally increasing domain sizes 
as the solubility of the materials in the SAs increase as shown 
in  Figure    4  . The fi lms with TEG and no additive show similar 
06 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag
morphologies, with both larger and smaller domains present. 
The similarity between these two fi lm morphologies is con-
sistent with localization of TEG at the PEDOT:PSS interface. 
The fi lm with PDMS shows signifi cantly more uniform domain 
sizes in the same range as the device with no additive. The 
largest domain sizes are observed for the NMP containing fi lm, 
which may be expected given the high solubility of PC 61 BM and 
the large difference in solubility between iI(TT) 2  and PC 61 BM 
in NMP (Table  2 ). In all fi lms the domain sizes observed in the 
TEM images are signifi cantly smaller than the feature sizes 
observed in the AFM images. This suggests that the surface 
morphologies differ signifi cantly from those present in the 
bulk. These differing morphologies highlight the importance of 
using TEM and AFM as complimentary characterization tools, 
rather than making an incorrect assumption that the surface 
morphology imaged through AFM is representative of the bulk. 

 The interplay between domain size, hole mobility, and short 
circuit current is highlighted by comparing the three vari-
ables as presented in Figure  4 . That is, roughly speaking the 
 J  SC  varies inversely with the domain size, i.e., domain size 
decreases and  J  SC  increases, and directly with the limiting 
charge-carrier mobility, which in this case is the hole mobility. 
For example, the device with no additive and the device with 
TEG show similar domain sizes, hole mobilities, and  J  SC  values 
(note that   μ   h  and  J  SC  values are presented in Figure  4 ). The 
device with PDMS shows similar domain sizes as the no addi-
tive device with an order of magnitude higher   μ   h , thereby the 
device with PDMS has a higher  J  SC . Moreover, the devices with 
HD and DEG-DBE show increased domain sizes relative to the 
device with no additive, yet they show similar  J  SC  values due to 
the higher hole mobilities. Furthermore, the devices processed 
with the good solvents show larger domain sizes than the device 
with no additive and lower hole mobilities, thereby resulting in 
reduced  J  SC  values. 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4801–4813



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

    Figure  4 .     Top down bright fi eld TEM images of iI(TT) 2 :PC 61 BM cells with 1.0 mg/mL SA after 100  ° C thermal annealing, with   μ   h  (cm 2  V  − 1  s  − 1 ) and  J  SC  
values indicated at the bottom of each image. The darker regions are PC 61 BM rich while the lighter regions are iI(TT) 2  rich as shown in Figure  5 .  
 The trend in domain size may be explained by the stronger 
interactions of the components with the better solvents leading 
to increased time for domain growth, thereby resulting in larger 
domains. Based on this explanation, it may be predicted that the 
increased organizational time would lead to higher mobilities. This 
is not observed and it is possible that the more favorable material-
solvent interactions lead to less pure D and A domains (i.e. more 
D present in A phase and vice versa), or small isolated A domains 
in D and vice versa which act as charge traps. The more unfa-
vorable interactions with the poor solvents would cause nuclea-
tion/aggregation to occur earlier in the fi lm drying process than 
the good solvents, thus potentially leading to more pure D and A 
phases, smaller domains due to the presence of more nucleation 
sites, and/or a decreased number of isolated domains. The more 
weakly interacting solvents would also introduce more degrees of 
freedom into the drying fi lm than the fi lm without any additive, 
which would allow more time for molecular organization. 

 Enhanced aggregation during fi lm drying has previously 
been suggested to explain the larger domain sizes and enhanced 
crystallinity of P3HT:PC 61 BM and PCPDTBT:PC 71 BM cells 
upon addition of 1,8-octanedithiol or DIO. [  20  ,  43  ]  In these pre-
vious reports, the SA is a good solvent for the fullerene deriva-
tive, which is in contrast to our work where the best performing 
SAs are poor or non-solvents for both iI(TT) 2  and the fullerene. 
The smaller amount of additives required in this work as 
compared to previous examples in polymer based BHJ OPVs 
may be attributed to the fact that this is a molecular system 
whereby molecular diffusion (or the molecular mobility term 
in the modifi ed Cahn-Hilliard equation) would be higher. [  44–45  ]  
As such, fi lm organization can occur much more easily and 
rapidly during fi lm drying as compared to the more restrictive 
polymeric systems, thereby the SA effects on morphology are 
more apparent at lower additive concentrations. 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4801–4813
 It is also possible that the specifi c parts of the molecules that 
interact more strongly with the SAs may be a factor in deter-
mining mobilities. For example, the poor solvents all have 
stronger interactions with the alkyl side-chains, whereas the 
good solvents are generally expected to have stronger interac-
tions with the conjugated cores. These mechanistic explanations 
are likely contributing factors to the resulting morphology and 
device performance; however, as with other SAs more experi-
mental and theoretical work is necessary to develop a complete 
mechanistic understanding. 

 Cross sections of selected devices that display outstanding 
trends were prepared with the use of a focused ion beam (FIB) 
and imaged through TEM as displayed in  Figure    5  . A fi lm 
consisting of a pure PC 61 BM layer and a pure iI(TT) 2  layer 
separated by an aluminum interlayer, as shown in Figure  5 e, 
shows no evidence of beam damage and allows identifi cation 
of the darker phase as PC 61 BM and the lighter phase as iI(TT) 2 . 
Figure  5 a shows the device with no additive and also denotes 
the layered structure of ITO/PEDOT:PSS/iI(TT) 2 :PC 61 BM/Ca/
Al. In this device with no additive large domains near the top 
surface of the active layer and smaller domains near its bottom 
surface are observed, which corresponds well with the large 
and small domains observed in the top down TEM images. It 
is also evident in Figure  5 a that the device shows the opposite 
vertical phase separation as desired, with the device appearing 
more iI(TT) 2  rich (lighter in color) near the electron collecting 
Ca/Al electrode. Conversely, the device with 0.5 mg/mL HD 
shows evidence of more favorable vertical phase separation 
with a dark, PC 61 BM rich band appearing near the Ca/Al elec-
trode. Although, above this dark band is a thin light iI(TT) 2  rich 
band. Given the similar mobilities observed in the PDMS, HD, 
and DEG-DBE containing devices, the enhanced FF (Figure 
 1 c) observed in the HD containing device may potentially be 
4807wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  5 .     Cross-sectional bright fi eld TEM images of iI(TT) 2 :PC 61 BM cells 
with a) no additive, b) 0.5 mg/mL HD, c) 0.3 mg/mL PDMS, d) 0.2 mg/
mL PDMS and 0.5 mg/mL TEG, and e) control bilayer fi lm showing a lay-
ered structure consisting of ITO/PEDOT:PSS/PC 61 BM/Al/iI(TT) 2 /Al after 
100  ° C thermal annealing.  
attributed to this favorable vertical phase separation. The 0.3 
mg/mL containing PDMS device shown in Figure  5 c shows 
a more uniform morphology throughout the active layer than 
the device with no additive and consistent domain sizes on the 
order of  ≈ 10–25 nm. Additionally, only minimal signs of vertical 
phase separation are observed. Devices containing either 0.1 
mg/mL NMP or 0.5 mg/mL TEG were also imaged to probe 
for any vertical phase separation which may be contributing to 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

   Table  3.     XPS elemental analysis of fi lm surface. 

Additive C a)  
[%]

N a)  
[%]

O a)  
[%]

none 88.4 2.7 3.7

Hexadecane 87.5 3.1 3

PDMS (14 000 g/mol) 76.8 1.6 11.9

PDMS (410 g/mol) 88.7 2.8 3.6

    a) Errors in elemental composition are approximately  ± 0.5%, resulting in errors in; 
composition of  ± 2%.   
the enhanced  V  OC . No vertical phase separation was observed 
as can be seen in Supporting Information Figure 5. As will be 
addressed later, a device consisting of both 0.2 mg/mL PDMS 
and 0.5 mg/mL TEG was also fabricated with a solution con-
centration of 25 mg/mL. This device shows a uniform mor-
phology similar to the device with only 0.3 mg/mL PDMS, but 
with slightly smaller domain sizes and a slightly thicker active 
layer as presented in Figure  5 d.  

 The chemical composition of the top surface of the blend 
fi lms was probed for fi lms without any SA, with PDMS, and 
with HD. These fi lms were made in an identical manner to 
the devices, only no top Ca/Al electrodes were deposited. XPS 
measurements are presented with an electron take off angle of 
45 ° , which primarily probes the fi rst ca .  5 nm of the fi lms based 
on previously reported attenutation lengths. [  46–48  ]  The results 
presented in  Table    3   indicate the top surface is composed of 
 ≈ 90 to 100% iI(TT) 2  in all fi lms, which is contrary to the ideal 
morphology where the top surface would be PC 61 BM enriched. 
Additionally, the device with HD also has a iI(TT) 2  surface com-
position of 100  ±  10%. This indicates that the PC 61 BM enriched 
layer observed in the cross-section TEM image must lie beneath 
an initial ca. 5 nm of iI(TT) 2 . The fact that the devices all show 
signifi cantly enhanced iI(TT) 2  surface compositions, yet device 
performance is still relatively high is in agreement with work 
presented by the Kahn and Loo groups. [  49  ]  In their study it was 
demonstrated that P3HT:PC 61 BM cells show minimal variation 
between devices where the relative PC 61 BM composition is 3% 
or 35–45% at the electron collecting contact.  

 Recently it has been reported by Yamakawa et al. that a block 
PMMA-PDMS polymer can enhance the performance of BHJ 
OPVs by forming a PDMS rich buffer layer at the cathode, 
which they mention may suppress charge recombination. [  50,51  ]  
With these results in mind, the effect of PDMS as a potential 
buffer layer was examined by probing the surface composi-
tion of a PDMS containing blend fi lm and exploring the use 
of PDMS with lower molecular weight (MW) that evaporates 
from the fi lm during drying. As shown in Table  3  for a device 
containing 0.2 mg/mL PDMS of 14 000 g/mol MW, the surface 
composition to a depth of ca. 5 nm consists of  ≈ 22% PDMS, 
where as the total concentration of PDMS relative to iI(TT) 2  
and PC 61 BM is only 1% by weight. The percent composition 
of iI(TT) 2 , PC 61 BM, and PDMS were calculated based on the 
elemental composition and the known chemical formulas 
as shown in Supporting Information Table 4 and Supporting 
Information Equation 5–7. Additionally, electron take off angle 
dependent XPS measurements as presented in Supporting 
Inforomation Table 5 and Figure 6 were performed and confi rm 
mbH & Co. KGaA, Weinheim

S a)  
[%]

Si a)  
[%]

iI(TT) 2  b)  
[%]

PC 61 BM b)  
[%]

PDMS c)  
[%]

5.3 0 91 9 0

6.4 0 100 0 0

4.1 5.6 62 10 22

4.8 0 88 12 0

 b) percent iI(TT) 2  and PCBM composition of  ± 10% and errors in;  c) percent PDMS 
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that PDMS is localized on the surface. These angle dependent 
measurements indicate a PDMS composition of 58% at a take 
off angle of 15 ° , whereby the probing depth would be shortest, 
and a PDMS composition of 18% at a take off angle of 90 ° , 
whereby the probing depth would be greatest. These results 
support the previous report that PDMS vertically phase sepa-
rates to the top surface of the fi lm. [  50  ]   

 To test if this buffer layer results in the device improvement, 
lower MW PDMS was used as an additive. For the device con-
taining 0.2 mg/mL of 410 g/mol MW PDMS no Si was observed 
upon XPS analysis, indicating that the low MW PDMS evapo-
rates during fi lm drying. Although the 410 g/mol MW PDMS 
evaporates, a PCE enhancement from 1.42% with no PDMS to 
2.35% with this low MW PDMS occurs, which is similar to the 
2.30% observed with 14 000 g/mol PDMS as shown in Sup-
porting Information Figure 7. Therefore, it can be concluded 
that for these devices the PCE increase upon PDMS addition is 
due to the morphology and increased hole mobility and not the 
formation of a buffer layer. 

 It should be noted that devices were made with PDMS samples 
ranging in molecular weight from 237 to 117 000 g/mol. With the 
exception of the 237 g/mol MW PDMS sample, which has too 
low of a boiling point (152–153 ° C) to serve as an effective addi-
tive, the PCE of devices with 0.2 mg/mL PDMS are consistently 
between 2.17 and 2.55% throughout the MW range tested. Cor-
respondingly, the morphologies as imaged with AFM are similar 
for PDMS MWs ranging from 770 to 117 000 g/mol as shown 
in Supporting Information Figure 8. This also indicates that if 
residual PDMS is found to negatively affect device stability, the 
problem could be avoided while maintaining the same perform-
ance enhancement by using lower MW PDMS as an additive.   

 2.4. Interfacial Effects and Mixed Additives 

 Quite unexpectedly, both NMP and TEG were found to sig-
nifi cantly increase the  V  OC . With their high hydrogen bonding 
parameters and current knowledge of the  V  OC  it was hypothe-
sized that the origin of the increase was due to an alteration in 
the energetics of the PEDOT:PSS/BHJ interface resulting from 
an accumulation of the SAs at the interface. If this assumption 
was correct then NMP or TEG could be combined with a second 
SA designed to increase the  J  SC , thereby resulting in both an ele-
vated  V  OC  and  J  SC . Since TEG yielded the highest  V  OC  and PDMS 
the highest  J  SC , these two SAs were both added to the active layer 
processing solution at 0.5 and 0.2 mg/mL respectively. The com-
bination of these two additives resulted in a device with a  J  SC  of 
7.0 mA/cm 2 ,  V  OC  of 0.93 V, FF of 0.47, and PCE of 3.06  ±  0.14%. 
Compared to the device with no additive this is a 40% increase 
in the  J  SC , which is approximately the same as with only PDMS 
as a SA, a 29% increase in the  V  OC  which is the same as with 
only TEG as a SA, and a 21% increase in the FF which is 10% 
higher than with only PDMS or only TEG, resulting in a 115% 
increase in the PCE. The fact that these two additives combined 
produce nearly the same improvements as each does independ-
ently supports that the TEG is acting on the PEDOT:PSS inter-
face while PDMS improves the fi lm morphology. 

 To further test this hypothesis the effect of spin coating a 
layer of TEG onto the PEDOT:PSS surface prior to active layer 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4801–4813
deposition was examined. In this device a 1 mg/mL TEG in 
chlorobenzene solution was spun cast onto the PEDOT:PSS 
layer and allowed to dry for 20 min. The iI(TT) 2 :PC 61 BM 
active layer containing 0.2 mg/mL PDMS and no TEG was 
subsequently spun cast and thermally annealed. As shown in 
Figure 6a, the  V  OC  of the device with the 1.0 mg/mL TEG pre-
spin is slightly lower than the device with 0.5 mg/mL TEG in 
solution, 0.88  ±  0.01 V vs. 0.93  ±  0.01 V, but 0.11 V higher than 
the device with only 0.2 mg/mL PDMS and no TEG. This sup-
ports that the enhancement in the  V  OC  is attributed to modifi ca-
tion of the PEDOT:PSS/BHJ interface by TEG. 

 Previously it has been demonstrated that the work function 
of PEDOT:PSS is sensitive to the PEDOT to PSS ratio at the 
surface, [  52,53  ]  thermal annealing conditions, [  54  ]  UV treatment, [  55  ]  
exposure to water vapor, [  54  ]  pH of the casting solution, [  56  ]  acid or 
base exposure, [  57  ]  and the addition of dopant solvents such as 
glycerol or sorbitol. [  58,59  ]  Considering this sensitivity, it is likely 
that the addition of the strongly H-bonding TEG results in a 
modifi ed PEDOT:PSS work function. This would likely have 
little effect in P3HT:PC 61 BM cells where near ohmic contact 
occurs at the PEDOT:PSS/P3HT interface; however, in this 
system where the HOMO is  ≈ 0.5 eV below the work function 
of PEDOT:PSS an increase in work function would likely result 
in a higher  V  OC . This is supported by previous work that shows 
an increasing  V  OC  until the cathode and anode work function 
difference reaches a large enough value beyond which the  V  OC  
saturates. [  60,61  ]  

 The device was further optimized to reach a PCE of 3.31  ±  
0.15% with a  J  SC  of 7.8 mA/cm 2 ,  V  OC  of 0.95 V, and FF of 0.45 
through increasing the iI(TT) 2 :PC 61 BM solution concentration 
to 25 mg/mL with 0.2 mg/mL PDMS and 0.5 mg/mL TEG, as 
shown by the  J – V  curve in  Figure    6  b. The cross-section TEM 
image of this device is presented in Figure  5 d and shows a 
similar morphology to the device containing only PDMS, but 
with a thicker active layer and slightly decreased domain sizes 
as previously mentioned. This optimized device was compared 
with an identical device fabricated with 5 nm MoO 3  in place of 
PEDOT:PSS and only 0.2 mg/mL PDMS in solution (no TEG). 
This comparison was made since MoO 3  is known to have a 
large work function and form good ohmic contact with deep 
HOMO level materials. The device with MoO 3  shows a nearly 
identical  V  OC  as the device with 0.5 mg/mL TEG as displayed in 
Figure  6 b. Additionally, the device with MoO 3  shows a slightly 
decreased  J  SC  of 7.1 mA/cm 2  with an increased FF of 0.54, 
resulting in a PCE of 3.67  ±  0.12%. To confi rm these results, 
this device gave a PCE of 3.70  ±  0.11% when tested outside 
under full sun (95 mW/cm 2 ) in Gainesville, FL at 2:00 pm on 
May 2, 2011. 

 To further probe the possible origin of the increased  V  OC  and 
increased device performance upon the use of TEG and PDMS 
as SAs and upon substitution of PEDOT:PSS with MoO 3 , elec-
troabsorption measurements were performed. This technique 
measures the changes in optical constants of materials under 
applied electric fi elds and can be used to probe the electric 
fi elds within organic electronic devices. [  62–65  ]  Equations 7 and 
8 in the Supporting Information along with the plots shown in 
Supporting Information Figure 9 were used to extract the built-
in voltage ( V  BI ) from the electroabsorption data. Devices were 
fabricated with LiF(1nm)/Al(100nm) cathodes in place of the 
4809wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  6 .     Representative current density vs. voltage characteristics under simulated AM1.5 illumination (solid lines) and in the dark (dashed lines) of 
iI(TT) 2 :PC 61 BM devices a) processed at 20 mg/mL on PEDOT:PSS and b) processed at 25 mg/mL on PEDOT:PSS and MoO 3  with and without PDMS 
and TEG as additives.  
normally used Ca(10nm)/Al(100nm) cathodes, see Supporting 
Information Table 6 for device results, to enhance device sta-
bility outside of the glovebox, which likely decreases  V  BI  slightly. 
From the electroabsorption data, the  V  BI  was determined to be 
1.06  ±  0.01 V and 1.13  ±  0.01 V for the device with 0.2 mg/
mL PDMS and the device with both 0.2 mg/mL PDMS and 
0.5 mg/mL TEG on PEDOT:PSS respectively. This increase in 
the  V  BI  along with the previous data supports that the addition 
of TEG results in a modifi cation of the electronic properties of 
the PEDOT:PSS/BHJ interface. The increase of the  V  OC  by  ≈ 0.2 
V upon addition of TEG is larger than would be expected from 
the  V  BI  increase of 0.07 V alone. This larger than expected  V  OC  
increase indicates that the effect of TEG on the PEDOT:PSS/
BHJ interface is likely more complicated than a simple increase 
in the work function of PEDOT:PSS. 

 A further increase in the  V  BI  to 1.28  ±  0.01 V is observed 
for the device with 0.2 mg/mL PDMS as a SA on MoO 3 . This 
increase in the  V  BI  is expected due to the higher work function 
(5.4–6.0 eV) of MoO 3  as compared to PEDOT:PSS. [  66  ]  As a con-
sequence of the higher  V  BI , the driving force for charge extrac-
tion is enhanced resulting in decreased recombination and a 
higher FF. The fact that MoO 3  and the use of TEG as an addi-
tive result in the same  V  OC  suggests that the limit of the  V  OC  for 
this particular BHJ blend is reached at 0.95 V.    

 3. Conclusions 

 It has been demonstrated that Hansen solubility parameters 
calculated using group contribution theory can serve as an 
effective method for predicting material solubilities in various 
solvents and guiding selection of an appropriate SA. For the thi-
ophene/isoindigo-based molecular system investigated, it was 
observed that device performance generally increased when a 
poor solvent (i.e., iI(TT) 2  and PC 61 BM solubility  < 0.8 mg/mL) 
was employed and decreased when a better solvent (i.e., iI(TT) 2  
and PC 61 BM solubility  > 0.9 and  > 30 mg/mL respectively) was 
used. Additionally, the hole mobilities increased upon applica-
tion of the poor solvents PDMS, HD, and DEG-DBE as addi-
tives, and decreased with the use of the good solvents NMP, 
10 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
DIO, and CN as additives. The electron mobilities remained 
nearly constant or increased slightly upon addition of a poor 
solvent, and decreased by an order of magnitude upon addi-
tion of a good solvent. The D and A domains were shown to 
increase in size as the solubility of iI(TT) 2  and PC 61 BM in 
the SA increased. A strong correlation was observed between 
mobility, domain size, and  J  SC , with PDMS displaying small 
domains, high mobilities, and therefore the highest  J  SC . Appli-
cation of varying molecular weights of PDMS combined with 
XPS analysis revealed that the improvement upon application 
of PDMS is not due to the formation of a PDMS buffer layer. 
SAs with high hydrogen bonding parameters including NMP 
and TEG were shown to increase the  V  OC  by  ≈ 0.2 V. This V OC  
enhancement is attributed to the effect of the additives on the 
PEDOT:PSS/active layer interface. By combining the com-
plementary additives PDMS and TEG a PCE of 3.31  ±  0.15% 
was obtained; similarly, the use of PDMS as an additive in a 
device with MoO 3  in place of PEDOT:PSS resulted in a further 
increased PCE of 3.67  ±  0.12%. The increase in  V  OC , FF, and 
PCE is partly attributed to the higher  V  BI  present in the device 
with TEG as an SA, with the further increase in PCE upon sub-
stitution of MoO 3  for PEDOT:PSS being attributed to a higher 
 V  BI . In summary, it has been demonstrated that SAs may be 
chosen in a predictable manner and effectively used to tune 
the morphology and interfaces in molecular BHJ OPV devices 
resulting in signifi cant enhancements in PCE.   

 4. Experimental Section 
 The synthesis of iI(TT) 2  is as previously reported. [  40  ]  PC 61 BM was 
purchased from SES Research, 99% purity, and used as received. 
Additionally, PC 61 BM was also purchased from nano-C, 99.5% purity, 
for a comparison in solubility measurements. All molecular weights of 
polydimethylsiloxane (PDMS) are end capped with trimethylsiloxane, 
were purchased from Alfa Aesar, and used as received. Triethylene 
glycol (TEG), 1-methyl-2-pyrrolidinone (NMP), and chlorobenzene 
(CB) were purchased anhydrous from Sigma Aldrich and deoxygenated 
through freeze-pump-thawing before use. Diethylene glycol dibutyl ether 
(DEG-DBE) was purchased from Alfa Aesar, distilled over CaH to remove 
water, and deoxygenated through freeze-pump-thawing. Hexadecane 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4801–4813
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(HD), 1-chloronaphthalene (CN), and 1,8-diiodoctane (DIO) were 
purchased from Sigma Aldrich and used as received. It should be noted 
that the SAs which were anhydrous and degassed were those known to 
uptake more water and oxygen. 

 The solubilities of iI(TT) 2  and PC 61 BM were determined at room 
temperature (21–24  ° C) following the procedure described in the text. 
Absorbance measurements were acquired with a PerkinElmer Lambda 
25 UV-Vis spectrometer and absorbance at peak wavelengths, 330 
and 432 nm for PC 61 BM and 359 and 587 nm for iI(TT) 2 , were used in 
determining the solution concentrations. The 2 000 g/mol MW PDMS 
was used as this had a lower viscosity than the 14 000 g/mol MW PDMS 
and thus allowed for better removal of undissolved PC 61 BM clusters 
from solution. Dissolution by sonication followed by stirring overnight 
was also performed for selected solvents (CN, CB and DIO), with nearly 
identical solubility values as obtained for the solutions stirred overnight 
without prior sonication. It should also be noted that the solubility of 
PC 61 BM in 1-chloronaphthalene was performed on 3 separate occasions 
utilizing PC 61 BM purchased from two different companies, SES Research 
and nano-C, with nearly identical results. To verify that soluble PC 61 BM 
was not being removed through centrifugation, the solubility was also 
measured using a similar procedure as reported by Walker et al. [  17  ]  
Following this procedure, the PC 61 BM in chloronaphthalene solution 
was stirred for 2 days followed by sitting in the dark without stirring 
for 3 days to allow for insoluble material to precipitate out. The soluble 
fraction was collected, fi ltered with a 0.2  μ m PTFE fi lter, diluted with 
chlorobenzene, and absorbance measurements recorded. This method 
yielded the same solubility as the centrifugation method. 

 Devices were fabricated on 25 mm  ×  25 mm prepatterned ITO coated 
glass substrates (sheet resistance  =  15 ohms/square.) with a layered 
structure of glass/ITO/PEDOT:PSS/iI(TT) 2 :PC 61 BM/Ca/Al, with 5 nm 
MoO 3  substitued in place of PEDOT:PSS where indicated. The ITO 
substrates were cleaned through sequential sonication in sodium dodecyl 
sulfate solution, deionized (18 M Ω ) water, acetone and isopropanol 
for 15 min each. Substrate cleaning was completed through exposure 
to an oxygen plasma for 20 min followed immediately by spin coating 
with PEDOT:PSS (Clevios P VP Al4083) at 5000 RPM in the ambient 
atmosphere. PEDOT:PSS was annealed in an argon fi lled glovebox with 
H 2 O and O 2  typically  < 0.1 ppm on a hotplate at 130  ° C for 20 min. 
Solutions of iI(TT) 2  and PC 61 BM were prepared at 20 mg/mL unless 
otherwise noted and stirred overnight. The solutions were then heated 
to 60  ° C with stirring for at least 1 h before combining to form a 1:1 (by 
weight) solution. Solutions containing 10 mg/mL of the particular SA in 
chlorobenzene were then added to the iI(TT) 2 :PC 61 BM blend solutions 
to reach the appropriate additive concentration, and the solution stirred 
at 60  ° C for at least 30 min prior to spin coating. Solutions were fi ltered 
with a 0.45  μ m PTFE fi lter coupled with a cleaned glass syringe (cleaned 
through sequential sonication in methanol, chloroform, toluene, and 
isopropanol for 15 min each) directly onto the substrate followed by spin 
coating at 1000 RPM for 60 s with a 3 s ramp. Unless otherwise noted, 
the fi lms were annealed at 100  ° C on a hotplate in the Ar glovebox for 
20 min prior to thermal vapor deposition of 10 nm of Ca and 100 nm of 
Al at a pressure of 1  ×  10  − 6  mbar. Current-voltage characteristics were 
collected in the glovebox with a Keithley 2400 sourcemeter. Cells were 
illuminated with 100 mW/cm 2  simulated AM1.5 illumination produced 
from a Xe arc lamp fi tted with an AM1.5 fi lter. All devices featured 
8 independently addressable cells with areas of 0.071 cm 2  per cell, of 
which the average performances are reported along with the standard 
deviations. 

 For the electron mobilities LiF/Al was used as the electron-injecting 
electrode with Al as the electron-collecting electrode. For hole mobilities 
the BHJ layer was sandwiched between MoO 3  on ITO as the hole-
injecting electrode and Au as the hole-collecting electrode. MoO 3  was 
used in place of PEDOT:PSS as it has previously been shown to yield 
better hole injection for higher HOMO materials. [  67  ]  As an exception, 
hole mobility measurements for the TEG containing fi lm were performed 
with PEDOT:PSS in place of MoO 3,  as for TEG only PEDOT:PSS resulted 
in better hole injection than MoO 3 . The mobilities were extracted 
by fi tting the  J – V  characteristics in the SCLC regime with the fi eld 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4801–4813
dependent SCLC equation as shown in Supporting Information Figure 
2,3 and Supporting Information Equation 4. [  68–70  ]  Devices were prepared 
on ITO coated substrates that were cleaned as previously detailed 
and transferred to the thermal vapor deposition chamber immediately 
following oxygen plasma exposure. Approximately 5 nm of MoO 3  
(Sigma Aldrich, 99.99% purity) was then deposited onto the ITO coated 
substrates or 100 nm Al (Alfa Aesar 99.99% purity) on glass substrates 
via thermal vapor deposition at a pressure of 2 to 4  ×  10  − 6  mbar. The 
active layer solutions were prepared, spun cast onto the MoO 3 /ITO or 
Al coated glass substrates, and annealed at 100  ° C following the above 
described procedure. Thermal deposition of the bottom electrodes and 
all procedures thereafter were performed in the Ar fi lled glovebox, with 
solutions spun cast immediately upon removal of substrates from the 
evaporator to limit the shift in the energy levels of MoO 3 . [  66  ]  The devices 
were completed by thermal vapor deposition of a 70 nm thick gold 
electrode (hole mobility) or an LiF(1nm)/Al(100nm) electrode (electron 
mobility) and the current voltage characteristics were collected in the 
Ar glovebox with a Keithley 2400 sourcemeter. All devices consisted of 
8 individually addressable 3 mm diameter pixels. Data was fi t using 
the fi eld dependent SCLC equation as displayed in the Supporting 
Information. All reported values are averages of 6–8 pixels with error 
bars as  ±  1 standard deviation. 

 AFM images were acquired with the use of a Veeco Innova scanning 
probe microscope in tapping mode using MikroMasch NSC15 tips with 
a resonant frequency  ≈ 325 kHz and a force constant  ≈ 40 N/m. Multiple 
AFM images were taken of each device with all images taken within 2 mm 
of a cell. Samples for top-down TEM analysis were prepared by fl oating 
the iI(TT) 2 :PC 61 BM blend off of the PEDOT:PSS layer in deionized water 
and collecting on a carbon coated TEM grid. The cross-section samples 
were fabricated from the actual solar cell area following our previously 
reported procedure. [  71  ]  All samples were imaged with a JEOL 200CX TEM 
in bright fi eld mode with an accelerating voltage of 200 kV. 

 XPS measurements were performed with a Perkin Elmer 5100 XPS 
system with a Mg K α  X-ray source (1253 eV) and a hemispherical electron 
energy analyzer. The substrate was angled 45 °  relative to the detector 
entrance unless reported otherwise. For angle dependent measurements 
the angle between the substrate and detector entrance was varied from 
15 to 90 ° . Scans were performed with data being collected in 0.1 eV 
increments with a collection time of 50 ms at each increment and pass 
energy of 35.75 eV, 10 scans were averaged for each spectra. Atomic 
ratios were calculated using the AugerScan XPS analysis software that 
automatically adjusted for the previously calibrated elemental sensitivity. 

 The devices for electroabsorption were made in an identical manner as 
described above, except a LiF(1nm)/Al(100nm) cathode was used in place 
of Ca(10nm)/Al(100nm). Additionally the devices were encapsulated using 
UV-curable epoxy and a piece of microscope cover glass. The use of LiF/
Al and encapsulation was necessary as the devices were exposed to air for 
several days as they were taken from Gainesville, FL to Washington, DC for 
testing. In our experimental setup for electroabsorption measurements, 
light from a quartz halogen source is fed into a monochromator from 
Acton research and then focused onto the pixel of interest through the 
semi-transparent anode. After passing through the semi-transparent 
organic layers and refl ecting off of the Al cathode, the light is focused 
onto a Thorlabs DET36a biased photodetector. A transimpedance 
amplifi er from Judson Technologies with a gain of 10 5  V/A and a 10kHz 
bandwidth is also used to amplify the signal. A Stanford Research 
SR830 lock-in amplifi er is used to detect the changes in transmission. 
An Aligent arbitrary wavefunction generator is used to provide a dc bias 
superimposed on a reference ac bias of frequency 829 Hz and 0.2 V peak-
to-peak amplitude. The bias scans of the EA signal were recorded under 
illumination with 702 nm light, which corresponds to the largest peak in 
the measured EA spectrum. When extrapolating the data, the zero-level 
crossing indicates their built-in potentials.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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